Theoretical studies indicated that C 60 exposed to linearly polarized intense infrared pulses undergoes periodic cage structural distortions with typical periods around 100 fs (1 fs ¼ 10 −15 s). Here, we use the laser-driven self-imaging electron diffraction technique, previously developed for atoms and small molecules, to measure laser-induced deformation of C 60 in an intense 3.6 μm laser field. A prolate molecular elongation along the laser polarization axis is determined to be ð6.1 AE 1.4Þ% via both angularand energy-resolved measurements of electrons that are released, driven back, and diffracted from the molecule within the same laser field. The observed deformation is confirmed by density functional theory simulations of nuclear dynamics on time-dependent adiabatic states and indicates a nonadiabatic excitation of the h g ð1Þ prolate-oblate mode. The results demonstrate the applicability of laser-driven electron diffraction methods for studying macromolecular structural dynamics in four dimensions with atomic time and spatial resolutions.
The 1985 discovery of C 60 by Kroto, Smalley, and Curl [1] marked the beginning of fullerene research in nanoscience. This material class displays a remarkable structural variety of nanoscale-size shapes from simple spheres to tubules, onions, rods, ribbons, etc., each possessing interesting, specific, and useful properties (see, e.g., Ref. [2] and references therein). Since its discovery, the soccer ball shaped C 60 -the archetypical fullerene-remains the focus of most ongoing scientific studies aimed at unveiling its properties (see Ref. [3] for an in-depth review). The nonlinear, nonresonant interaction of C 60 with strong femtosecond lasers has been the object of numerous investigations [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . These studies revealed that at photon energies comparable with the separation between the first electronic excited state and the ground state (∼1.6 eV [14] ), an efficient transfer of laser energy into C 60 's internal degrees of freedom occurs via electronic and nuclear (vibrational) couplings. This extra energy is subsequently evaporated via C-C pair boil off, fragmenting the molecule over long timescales (from 0.5 ps up to μs). However, if the photon energy is not enough for single photon excitation, fragmentation is not observed even at high intensities (∼10 14 W=cm 2 ) [15, 16] . In this regime, C 60 behaves like a macro atom [10, 17] , and many features are described well within the single active electron picture without fragmentation. Nonetheless, fragmentation suppression does not imply a rigid cage. Indeed, theoretical models have shown that collective effects lead to periodic cage deformations along the laser polarization, with h g ð1Þ being the dominant active mode [18] .
In this Letter, we extend the laser-driven self-imaging electron diffraction techniques, previously developed for atoms [19] [20] [21] and small molecules [22] [23] [24] [25] [26] [27] [28] [29] [30] to directly image the elongation of C 60 induced by 80 TW=cm 2 , 3.6 μm, 100 fs pulses. The observed deformation is confirmed by density functional theory (DFT) simulations of the nuclear dynamics on time-dependent adiabatic states. In contrast to the adiabatic electronic response to the applied field [15] , the vibrational excitation is nonadiabatic (impulsive Raman), leading to a time delay of the structural response compared to the peak of the laser pulse profile. This result paves the way towards table-top, pump-probe, real-time studies aimed at observing the complex dynamics of fullerenes and other macromolecular structures.
The goal of ultrafast molecular imaging is to visualize, interpret, and ultimately control structural changes taking place during chemical reactions and biological processes. During the last two decades, various imaging approaches were developed to provide the required spatiotemporal resolutions, typically angstroms and femtoseconds, respectively (for a comprehensive review see Ref. [31] and references therein). Here, we employ laser-induced electron diffraction (LIED) [22, 24] , a self-interrogating technique based on photoelectron recollision of electrons driven by strong laser fields. The method relies on a simple three step process [32, 33] , illustrated in Fig. 1(a) . In step 1, the laser launches the photoelectron into the continuum, ionizing the molecule. In step 2, the ejected photoelectron describes a field-driven quivering motion with the laser period. Finally, in step 3 the quivering photoelectron elastically recollides with its parent ion, encoding molecular structural information in the form of an elastic electron-ion differential cross section (DCS). LIED is therefore conceptually similar to the 80-year-old conventional gas-phase electron diffraction (CED) [34] technique but with the external electron beam replaced with the target's own photon electron. Once the DCS is extracted from the LIED experimental data, analysis, and theoretical modeling for structural retrieval is performed using the tools employed in CED. The main advantage of LIED is its inherent temporal resolution. As the entire imaging process, from ionization to rescattering takes place during the pulse, the temporal resolution in LIED is shorter than the femtosecond pulse itself. In fact, in select cases LIED provides resolutions as short as a single laser cycle. In Ref. [25] , a subcycle, 5 fs temporal resolution was achieved even though midinfrared laser pulses with durations in the 50-60 fs range (FWHM) at various wavelengths were used. On the other hand, the spatial resolution, both in LIED as in CED is determined by the momentum transfer of the scattering electron and previous studies have shown that for LIED 100 eV electron energies suffice to produce the resolutions necessary for molecular dynamics studies [24] .
A single 100 fs midinfrared pulse is sufficient to both distort and image the distortion of C 60 molecules while providing an effective 40-50 fs temporal resolution. Two key ingredients make this possible. On one hand, photoionization with midinfrared pulses is a high-order nonlinear process that is effective only near the peak of the laser pulse (see Supplemental Material [35] and the included Refs. [18, [36] [37] [38] [39] [40] [41] [42] [43] ). Therefore, the cage "sees" a returning photoelectron only during 3-4 laser cycles at the peak of the pulse envelope when the imaging photoelectron is ionized efficiently. On the other hand, the excitation of the 125 fs h g ð1Þ mode is a two photon impulsive Raman process, effective during most of the laser pulse [18] . Thus, the imaging experiment reported here happens during the first half of the 100 fs laser pulse: first, during ramp up the undistorted cage is two-photon impulsively Raman excited with increasing efficiency followed by LIED imaging at the peak of the pulse (within 3-4 laser cycles). Although excitation continues during ramp down, strong field ionization is inefficient and even if present, it only produces low energy electrons that do not contribute to the extracted DCS. We also point out that the 100 fs midinfrared pulse has sufficient bandwidth to allow efficient impulsive Raman excitation of the h g ð1Þ, 125 fs period dominant mode and that adjusting pulse durations or intensities could provide an effective way to measure cage distortions at various degrees of excitation.
Based on the three-step model, two techniques were introduced to obtain structural information. In the first method, called angle-swept LIED, accurate elastic electronion DCS were extracted from 2D photoelectron angular distributions [19] . This method employs an identical structural retrieval procedure as in conventional electron diffraction, where an electron beam produced by an external gun is used [34] . The second method, dubbed fixed-angle broadband laser-driven electron scattering (FABLES) [26] does not have a direct CED analogue. Instead, it is similar to white light interferometry as it takes advantage of the broadband nature of the rescattered electron wave packet, requiring only detection of the photoelectron spectrum emitted along the laser polarization (backscattering geometry). The structural information is retrieved via rectification using a simple 1D-Fourier transformation of the energy-dependent DCS. For both methods, an independent atom model (IAM) is adopted, a theoretical tool based on the approximation that for collision energies approaching 100 eV and above, the DCS is given by a coherent summation of independent atomic scattering waves. The DCS extraction procedure from experimental PHYSICAL REVIEW LETTERS 122, 053002 (2019) 053002-2 2D angular distributions as well as IAM data modeling are detailed in previous work [24] [25] [26] . Here, C 60 imaging is realized independently via both LIED and FABLES methods. To obtain electron recollision energies with suitable resolving power while keeping the laser intensity below the saturation intensity of C 60 (80 TW=cm 2 [15] ), midinfrared driving lasers operating at wavelengths around 3 μm are ideal. Below this limit, the resolving power is insufficient, whereas longer wavelengths lead to significantly lower scattering cross sections due to higher electron energies and increased transverse wave packet spread [36] . Conceptually, the experiment is depicted in Fig. 1 . To image the predicted cage deformation induced by the laser pulse as illustrated in Fig. 1(a) , the 2D photoelectron angular distribution was measured [ Fig. 1(b) ]. For both LIED and FABLES, only electrons detected with energies in excess of 100 eV are counted. Therefore, if thermionic emission is present, its low-energy contribution peaked at 0 eV and extending up to 20 eV [44] has no effect on the imaging methods employed here. We find that the structural information embedded in the 2D photoelectron distribution is that of the elongated cage and it can be retrieved via LIED or FABLES [in the form of photoelectron yields along the circles and the dashed line indicated in Fig. 1(b) , respectively].
The laser system is detailed in the Supplemental Material [35] . Briefly, midinfrared fields are generated by an optical parametric amplifier delivering 100 fs, up to 150 μJ, 2.9-4.2 μm tunable linearly polarized pulses at 1 kHz repetition rate. The C 60 target was sublimated from a hightemperature (≤650°C) oven into an ultrahigh vacuum chamber (10 −8 torr). The photoelectron spectra were recorded in a time-of-flight spectrometer operated in a field-free electron detection mode with an angular acceptance of ∼2.1°. Operated in ion detection mode, the spectrometer collected the mass spectrum of C 60 to confirm the lack of fragmentation (cf. Fig. S1 of the Supplemental Material [35] ).
From the 2D angular distribution (see Supplemental Material [35] for details), DCS for electron scattering energies of 70, 80, and 90 eV were extracted by integrating the measured yield within 3.5%, 5%, and 6.5% around the mean value, respectively. Rescattering energies below 70 eV were discarded since IAM is not expected to produce reliable quantitative results, whereas above 100 eV the detected yield was too low, limiting the signal-to-noise ratio. For each extracted DCS, large sets of IAM calculations for a wide range of cage deformations were benchmarked against experimental measurements (cf. Fig. 2 ). This procedure is based on assessing the angular positions of the DCS diffraction minima and maxima of the experiment (upper panel Fig. 2 ) to the corresponding theoretical values calculated for a wide range of cage elongations, shown in the lower panel of Fig. 2 . The best match for each extremum is indicated by a circle placed on the corresponding curve. This analysis yields four elongation values for the four identified extrema: 6%, 5%, 4%, and 7%, from the highest to the lowest angle, respectively. The identical procedure for 80 and 70 eV DCS yield two additional elongations for each DCS: (2%, 2%) and (5%, 4%), respectively. Therefore, we infer from our LIED analysis that at the peak of the laser field the C 60 cage has a prolate shape with an elongation estimated to be ð4.2 AE 1.9Þ% or þð30 AE 13Þ pm for an unperturbed cage diameter of 7 Å. The FABLES data, obtained in backscattering geometry, provides a more direct estimation of the field-induced elongation. We used kinetic energies up to 800 eV to retrieve the experimental molecular contrast factor, the scattering interference term in CED [34] , shown as solid blue line in Fig. 3 . The best fit is realized for an elongation of ð8 AE 2Þ%. Both LIED and FABLES datasets indicate a prolate C 60 geometry under the influence of the laser field with a combined averaged elongation of ð6.1 AE 1.4Þ% or ð43 AE 10Þ pm. Unlike previous FABLES data analysis [26] , a different error analysis is used here. Since the result depends on the entire photoelectron spectrum, the influence of a single TDC bin is weighted by the counts accumulated in it. Following this procedure, the bins at high energies are contributing less to the retrieval. In comparison to the standard analysis this procedure led to similar results for C 60 , but with improved robustness to statistical noise. We point out that inferring this result relies on IAM's accuracy to reproduce the DCS of C 60 . In [25] , in the case of N 2 , the 100 eV DCS produced a ∼5 pm error, a result that was possible because for this small molecule IAM was accurately optimized and benchmarked against conventional DCS data.
Here, no conventional DCS data exist for electrons scattering at large angles at the energies employed. Therefore, the IAM calculations shown in Fig. 2 are likely less accurate due to the increase in the number of neighbors for an atom (59 for C 60 vs 1 for N 2 ). Future CED experimental measurements and theoretical advances for DCS modeling could improve the precision reported here. Theoretical support for the measurements reported here is provided at the standard B3LYP/6-31G(d) level DFT and at the self-consistent charge density-functional based tightbinding (SCC-DFTB) semi-empirical molecular orbital theory [42, 45] combined with the standard mio-1-1 CC parameter set [45] (for details see Supplemental Material [35] ). At a peak intensity of 80 TW=cm 2 for 3.6 μm, 60 fs (FWHM) pulses, both theoretical methods show a prolateoblate molecular oscillation with a 125 fs period, as seen in Fig. 4(a) . The oscillation is determined by the dominant mode, the fivefold degenerate prolate-oblate h g ð1Þ mode of neutral C 60 , T h g ð1Þ ¼ 125 fs. The oscillatory amplitude reaches 1.7% during the pulse (DFT result). Significant damping of the oscillation is not observed even up to 15 ps. The temporal profile of the elongation indicates a nonadiabatic response to the pulse envelope, with a maximum emerging ∼20 fs after the peak of the laser pulse. In the experiment, the ionization and therefore the imaging "snapshot" via rescattering reach a maximum around the peak of the laser pulse. Consequently, LIED and FABLES view the C 60 molecule near its maximum elongation in prolate geometry. As the 120 fs prolate-oblate oscillatory motion is an intrinsic molecular property, imaging the cage elongation while scanning the duration of the laser pulse would allow measuring the damping factors and in turn uncover the complex intramodal coupling, where the energy initially stored primarily in the h g ð1Þ mode leaks into other modes. Theoretical support toward this goal is shown in Fig. 4(b) , where the maximum elongation is plotted as a function of charge state, wavelength, and pulse duration. The magnitude of deformation is nearly identical for 3.1 and 3.6 μm and it shows only a weak dependence on the molecular charge state. This is unsurprising, as the driving wavelengths are nonresonant and the removal of a small number i of electrons does not appreciably alter the internuclear forces determined by the remaining (240-i) valence electrons. However, the maximum elongation changes appreciably with the pulse duration, decreasing over 20% as the pulse doubles in length from its peak value at ∼70 fs towards 150 fs (the Raman excitation becomes less efficient as the pulse bandwidth is reduced). Finally, we note that although experiment and theory conclusively observed the elongation of the cage, the agreement is Here, dðtÞ is the length of C 60 along the polarization direction of the applied field and d eq is its equilibrium value. (b) Elongation as a function of charge species, wavelength, and pulse duration. Simulations to obtain the values of field-induced distortion are carried out by using the time-dependent adiabatic state approach [18] combined with the SCC-DFTB method (mio-1-1 parameter set). The time step Δt was chosen to be 0.1 fs. Black squares show values at λ ¼ 3.1 μm for neutral C 60 and magenta squares at λ ¼ 3.6 μm. The blue star symbol indicates the value for C þ 60 and the red square symbol indicates the value for C 2þ 60 . The value for λ ¼ 3.6 μm is also evaluated by B3LYP/6-31G(d) of DFT, indicated by the purple square symbol. not quantitatively perfect, likely caused by DCS modeling via IAM as described above. DCS modeling with more realistic assumptions such as the Schwinger multichannel method which includes interference effects due to Braggtype electron diffraction on the C 60 cage [46] could improve the agreement between experiment and theory.
In conclusion, we have extended laser-driven ultrafast molecular imaging from atoms and small molecules to C 60 , visualizing its structural deformation induced by an intense midinfrared laser field on femtosecond timescales. Numerical DFT and DFTB simulations indicate that the deformation originates from nonadiabatic excitation of the h g ð1Þ prolate-oblate mode. Our results pave the way towards recording macromolecular structures and dynamics with atomic time and spatial resolutions in a pumpprobe table-top setup as obtained for acetylene [30] . 
